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Abstract
The effects of atomic oxygen and vacuum UV radiation simulating low Earth orbit 
conditions on two commercially available piezoelectric polymer films, poly(vinylidene 
fluoride) and poly(vinylidene fluoride-trifluoroethylene), have been studied. Surface 
erosion and pattern development are significant for both polymers. Erosion yields were
determined as 2.8x10-24 cm3/atom for PVDF and 2.5x10-24 cm3/atom for P(VDF-TrFE). 
The piezoelectric properties of the residual material for both polymers were largely
unchanged after exposure, although a slight shift in the Curie transition of the P(VDF-
TrFE) was observed. A lightly crosslinked network was formed in the copolymer 
presumably due to penetrating VUV radiation, while the homopolymer remained 
uncrosslinked. These differences were attributed to varying degrees of crystallinity and 
potentially greater absorption, and hence damage, of VUV radiation in P(VDF-TrFE) 
compared with PVDF.
Introduction
High performance polymers have been recognized as a key component in the emerging 
technology of exceptionally large-area spacecraft thanks in part to their intrinsic low 
density, functionality, processibility and flexibility which are important considering the 
storage and weight limitations of launch vehicles. Unfortunately, the harsh environment 
of space is extremely damaging to organic polymers, often severely restricting their 
performance and lifetimes.1-5 This is especially concerning given the great cost in 
launching the spacecraft into orbit and possible limitations on the duration or success of 
missions.
In low Earth orbit (LEO) there are numerous environmental conditions which may cause 
degradation of polymers. The high flux of atomic oxygen (AO) (approximately 1015
atoms/cm2-s with an orbital speed of 8 km/s) formed by photodissociation of the small 
concentration of molecular oxygen in the upper atmosphere can cause surface pitting and 
erosion with rates of 0.35x10-24 cm3/atom for FEP and 3.0x10-24 for Kapton, having been 
reported.5 The various types of radiation in LEO include the full, unattenuated solar 
spectrum,6 x-rays, trapped protons and electrons, and plasma electrons and protons.3
These, in addition to thermal cycling, are suspected to be responsible for cracking of FEP 
thermal blankets recovered from the Hubble Space Telescope.4 Outgassing caused by the 
hard vacuum of space is also problematic as observed on the Long Duration Exposure 
Facility where dimensional changes and contamination of some materials was observed.7
We are interested in examining how piezoelectric polymers based on the vinylidene 
fluoride backbone will perform in LEO conditions with the overall materials selection 
and performance requirements having been previously considered.6,8 Thin film 
piezoelectric polymers have the potential to be used in revolutionary large diameter film-
based primary mirror adaptive optics for space telescopes. The thin film mirror design 
has the advantage of incorporation of the actuation mechanism directly into the thin film 
such that any mirror shape changes can be adjusted in real time.  This allows for 
correction/compensation of misalignment errors, temperature fluctuations, atmospheric 
turbulence, and even focus shifting.9 To achieve maximum weight savings, a mirror made 
from a piezoelectric polymer may not have any protective shielding, and could therefore 
be exposed to AO, vacuum ultraviolet (VUV) radiation, and the temperature extremes of 
LEO.
We are not aware of any instances where exposed piezoelectric polymers acting as 
actuators have been successfully used in LEO conditions. LEO testing of non-
piezoelectric PVDF is currently being flown in space as part of the MISSE experiments,10
but it will possibly be years before results are available. Piezoelectric PVDF has been 
used successfully in space, not as an actuator, but as a primary sensor aboard the Space 
Dust (SPADUS) instruments on missions to comets, to Saturn, and in 850 km polar Earth 
orbit.11 These dust sensors detect a depolarization-induced charge produced when
hypervelocity dust particles impact and produce holes in the thin PVDF films. VUV and 
AO are not of concern as the sensors have aluminum electrode coatings and are not 
intended to be flown in high AO flux orbits. The environmental factors of concern for the 
polymer on the missions mentioned are primarily radiation from energetically charged 
particles and temperature extremes. The sensors have been proven to be immune to 
radiation doses up to 100 kGy, while radiative thermal control has been used to limit the 
temperature extremes to a very mild 5 to 70 ºC, well within the thermal operating 
limitations of PVDF.12
This paper is the second in a series studying simulated space environments on vinylidene 
fluoride based polymers. In the first study12 we examined the effects of temperature,
where we observed that the processing, specifically the stretching of the films, critically 
determined the high temperature stability of the piezoelectric properties. A copolymer of 
vinylidene fluoride and hexafluoropropylene which required substantial stretching to 
render it piezoelectric fared worse than a TrFE copolymer which required minimal 
stretching, or the PVDF homopolymer which still retained useful residual piezoelectric 
response at elevated temperature despite dipole randomization due to film contraction. At 
subambient temperatures the performance was inversely proportional to the moduli of the 
materials. From the first study we have pre-selected two polymers, namely PVDF and 
P(VDF-TrFE), for further investigation. In this study we have examined the effects of 
AO and VUV radiation on these two promising piezoelectric vinylidene fluoride 
polymers.
Experimental
Materials
The polymers used were poled piezoelectric films 30± 2 µm PVDF from MSI and 28 ± 2
µm P(VDF75-TrFE25) from Ktech Corp. Densities were determined using the Archimedes 
method in iso-propanol.13
AO/VUV Exposure Conditions
Samples were cut into 2.54 cm x 2.54 cm squares and washed in iso-propanol, dried in 
vacuum and weighed prior to exposure. An electron-cyclotron resonance (ECR) plasma 
source was used to generate a low energy atomic oxygen beam at a pressure of 4x10-4 
Torr. A glass prism was used to remove the intense VUV component of the ECR. The 
prism also scattered the AO meaning isotropic arrival of the AO on the samples.
VUV exposure was derived from two Hamamatsu L7293 deuterium lamps with a neutral 
density mesh screen filter blocking approximately 70% of the radiation. The equivalent 
number of suns this represents was determined by measuring the current generated by a 
CsI phototube which is sensitive to the wavelength range 115 - 200 nm. The current was 
then converted to power intensity per unit area using a calibration factor determined 
using a ‘standard’ deuterium lamp from the National Institute of Standards and 
Technology. For the two sets of samples the equivalent number of suns at the sample 
positions were between 2.5 and 2.8 suns. The CsI phototube does not allow any insight 
into the spectral data, so to compare the output spectrum from the deuterium lamp with 
the solar spectrum we used irradiance data of a standard deuterium lamp from NIST at a 
distance of 49.5 cm (which is the source-to-sample distance) and compared it with the 
actual solar irradiance in LEO from the SUSIM satellite.14 This data is shown in Figure 
1a as the irradiance per nanometer, and as the total, or cumulative, irradiance in Figure 
1b. Over the range 115 – 200 nm the total irradiances are 0.13 W/m2 and 0.57 W/m2 for 
the solar spectrum and deuterium lamp spectrum, respectively. Given that two deuterium 
lamps were used in the exposure facility the intensity would be double, or 1.14 W/m2. 
Further correction needs to be made since only approximately 30% or 0.38 W/m2 of this 
energy arrived at the samples due to the mesh screen. This represents 2.9 times (0.38 / 
0.13) the sun over the range 115 – 200 nm. This value is in very good agreement with the 
actual experimental conditions determined using the CsI phototube (2.5 – 2.8 suns)
considering the deuterium spectrum in Figure 1a is from a different lamp as that used in 
the exposure facility and also that with two lamps there will invariably be some
inhomogeneity in the illumination which was taken into account in the CsI phototube 
measurements but not by the deuterium lamp spectrum versus SUSIM data calculations.
The maximum temperature reached during exposure was 52 ºC. Kapton was used as a 
witness sample for calculation of the effective AO fluence. Details of the simulation 
facility and a discussion of the validity of such testing have been published elsewhere.15
DSC Analysis
Differential scanning calorimetry (DSC) was performed using a Perkin Elmer DSC 6 
cooled using chilled air. All runs were performed on 5.0 ± 0.5 mg samples in an argon 
atmosphere. The instrument was calibrated using the onset of melting of indium (156.6 
ºC) and zinc (419.47 ºC) and the heat of fusion of indium (28.45 J g-1). Before each run 
the baseline was optimized in the range of interest and later subtracted from the 
corresponding calorimetric curve. Samples were heated from 10 to 210°C at 10°C min-1, 
then cooled to -10 ºC at 40 ºC min-1. An immediate second run was performed using the 
same conditions as for the first run.
DMA Characterization
Storage moduli were measured on rectangular films (14 x 5.6 mm) using a Thermal 
Analysis DMA Q800 in extension mode scanned from -110°C to 130°C at 3°C/min with 
a static force of 10 mN and a dynamic force of 8 mN at a frequency of 1 Hz.
Measurement of d33 (electromechanical strain coefficient in the thickness direction)
Measurement of the d33 coefficients was done at room temperature using a Piezo d33
meter (Institute of Acoustics Model 2J-3D) at 100 Hz. Measurements were referenced to 
a standard PVDF film from MSI with a d33 of -26 pC/N. To compensate for the change in 
thickness of the treated samples (due to AO erosion), very thin gold shims were used to 
stack on the treated samples during the d33 measurements so that a consistent thickness 
(and hence applied contact force on the samples) was achieved. Annealed samples were 
heated at elevated temperatures in air-circulated ovens for 48 hrs.
Sol-gel Analysis
Sol-gel analysis13 was performed by solvent swelling and extraction of samples in 
cyclohexanone heated to reflux. Strips of sample films in the range 2-3 mg were weighed 
accurately and placed in cyclohexanone (20 mL) in a round bottom flask fitted with a 
condenser. Samples were heated to reflux for 6 hours after which the insoluble 
component was recovered from the hot solution using tweezers (preliminary experiments 
showed that 6 hours was more than sufficient to extract the soluble component). Samples 
were dried at 70°C in vacuum to obtain the dry weight of the insoluble component. The 
gel measurement for each sample was done in duplicate. The solvent uptake factor (f) and 
the gel content (% gel) were calculated as:
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Results and Discussion
The two commonly used techniques for simulating atomic oxygen in LEO are: a)
hyperthermal or fast atomic oxygen16-18, and b) oxygen plasma.3,19  In this study the 
oxygen plasma method was utilized using an electron cyclotron resonance (ECR) plasma 
source to produce neutral atomic oxygen of thermal energy 0.04 eV, significantly lower 
then the AO kinetic energy in LEO (ca. 4.5 eV15). This energy difference means that the 
probability of reaction and erosion yield is orders of magnitude lower than in space for 
the same flux.19  To correct for this error the Kapton effective AO fluences were 
calculated based on the actual erosion of a Kapton witness sample whose in-space 
erosion yield is known (3x10-24 cm3/atom). The actual flux of the ECR AO beam is 
therefore much higher than the effective flux relative to Kapton, due to the dependence 
on energy of the erosion yield.
Three AO exposures were chosen for each polymer representing the equivalent leading 
edge, or ram direction AO fluence of approximately 1, 2 and 3 years at an arbitrary
circular orbit of 470 km altitude.20 In addition to the AO exposure, the samples were 
subjected to VUV radiation over the range 115-200 nm with an intensity equivalent to 
between 2.5 and 2.8 suns. The total number of vertical sun hours for the 1, 2 and 3 year 
samples was on average 43, 82 and 123 hrs, respectively. The ratio of the AO fluence to 
VUV exposure mimics that of a surface receiving a large AO exposure (for example, in 
the ram direction) and little solar exposure (for example, mostly in the shade). Other than 
the heating effects of the VUV lamps there was no temperature control to simulate the 
extreme temperatures a satellite surface would experience passing in and out of the 
Earth’s shadow.
It has repeatedly been shown that exposure of polymers to atomic oxygen causes surface 
erosion.1,3,5,7,15 The mechanism, while not fully understood, is believed to be due to 
oxidation by the highly reactive oxygen atoms followed by volatilization of fragment 
molecules. When the incident AO is anisotropic (as is the case for orbiting spacecraft) 
this leads to a highly directional erosion process resulting in patterned surface 
morphology.19
After exposure to AO/VUV in the simulation facility, both the PVDF and P(VDF-TrFE) 
films experienced significant weight loss (Figure 2) and a decrease in thickness. The 
erosion yield, defined as the amount of material lost per incident atomic oxygen atom,
was calculated using equation 1, where m is the change in the mass before and after 
exposure,  is the density, F is the Kapton effective atomic oxygen fluence, and A is the 
exposed surface area. Using densities of PVDF = 1.78 g/cm3 and P(VDF-TrFE) = 1.87 g/cm3,
the observed respective mass losses, and the Kapton effective fluence for the exposures,
the erosion yields are 2.8x10-24 cm3/atom for PVDF and 2.5x10-24 cm3/atom for P(VDF-
TrFE). While there are no data for PVDF in actual LEO, Tedlar (polyvinyl fluoride, 
(CH2-CHF)n), has been flown on the Space Shuttle and erosion yields between 1.3 and 
3.2x10-24 cm3/atom were reported.7 Given the similarities in structure between PVDF, 
P(VDF-TrFE) and Tedlar, the values determined here appear reasonable. As a further 
comparison, the erosion yield of PVDF (which has the same overall chemical 
composition as an alternating copolymer of tetrafluoroethylene and ethylene) lies 
between that reported for poly(tetrafluoroethylene) (0.20x10-24 cm3/atom) and 
poly(ethylene) (3.97±0.23x10-24 cm3/atom).5 The values reported here for PVDF and 
P(VDF-TrFE) place them at the more sensitive end of the scale of erosion yields for 
polymers. The extrapolation in Figure 2 shows that for these thin (approx 30 µm) films, 
complete consumption of the films will occur within approximately 5 years if they 
receive 100% of the ram exposure at 470 km altitude.
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Scanning electron microscopy (SEM) was used to examine the changes in the surface 
texture before and after exposure to AO/VUV. The micrographs are shown in Figures 3
and 4. The homopolymer exhibits a pattern slightly different to the usual ‘pitting’ or 
‘cone’ formation observed for other AO-treated hydrocarbons.19 Because of the isotropic 
arrival of the AO to the samples in the simulation facility used here, the formation of 
vertical ‘pillars’ observed in LEO-exposed Kapton19 or poly(chlorotrifluoroethylene)5, 
for example, are not observed. Instead, it appears that the AO preferentially erodes the 
less dense amorphous polymer material, unearthing the highly oriented crystalline 
domains. The orientation in the PVDF films is a result of the processing required to
render them piezoelectric. Stretching the films must be employed during manufacture to 
convert the non-polar crystalline phase to a polar crystalline phase where the protons and 
fluorine atoms reside on opposing sides of the carbon backbone. Poling of the stretched 
film by application of a large electric field results in a piezoelectric film by macroscopic 
orientation of the polar domains.21
In comparison, the micrographs of the P(VDF-TrFE) films (Figure 4), which experienced 
similar mass loss to the PVDF films, show surface roughening, but less pronounced 
patterning and no evidence of film orientation. Unlike the homopolymer, P(VDF-TrFE) 
does not require stretching to generate a polar crystalline phase. Instead the artificial 
defects caused by the presence of the TrFE comonomer reduce the steric hindrance
allowing for a stable polar phase. This is consistent with the absence of thermal 
contraction of these films as is evidenced by the lack of residual stretching stresses.12
The surface erosion and roughening effects caused by AO exposure can be tolerated to a 
certain extent so long as the piezoelectric responsiveness of the films remains. Using the 
piezoelectric strain coefficient in the thickness direction (the d33 coefficient) as an 
indicator, the piezoelectric response of the films was measured. After AO/VUV exposure 
and before any thermal annealing the d33 coefficients of the PVDF and P(VDF-TrFE) 
decreased only slightly (as indicated by the data measured at 30 ºC in Figures 5a and b).
Thermal annealing of the AO/VUV treated samples was performed to simulate the high 
temperatures expected in LEO as a satellite is exposed to sunlight. Actual temperatures 
may reach over 100 ºC depending on the thermal control used.11 As reported earlier, 
PVDF, when exposed to elevated temperatures suffers an almost linear decrease in the d33
coefficient with increasing annealing temperature.12 This has been attributed to 
contraction of the films and randomization of the piezoelectric domains resulting in loss 
of the macroscopic polarization. The AO/VUV exposed and annealed samples here have 
significant scatter in the d33 values, however, the trend is similar to the untreated film 
when annealed – namely, progressive depoling with increasing temperature (Figure 5a). 
Importantly, the AO/VUV exposure does not appear to have significantly changed the
remaining bulk material of the piezoelectric properties of the films.
Thermal annealing of the P(VDF-TrFE) films also results in a decrease of the d33
coefficient, however, rather than a consistent decrease with increasing annealing 
temperature, as for the PVDF films, the d33 decreases slightly up to 125 ºC annealing, and
then drops rapidly between 125 and 140 ºC (Figure 5b). It was shown that the films 
contract very little during annealing, so that the depoling is minimized below 140 ºC.12 At 
140 ºC, however, there is a sudden drop in the d33 as the onset of the Curie temperature 
(the temperature above which the polymer changes from ferroelectric to paraelectric as a 
result of thermal agitation) is reached (Tc = 141 ºC). AO/VUV exposure has the effect of 
lowering the d33 coefficient before and after annealing. This decrease in piezoelectric 
properties is especially pronounced after annealing at 140 ºC as illustrated by the 3 year 
sample annealed at 140 ºC which has a d33 of only 4.5 pC/N (compared with 16.8 pC/N 
for the 140 ºC annealed sample with no AO/VUV exposure).
To understand the greater loss in d33 at 140 ºC of the treated P(VDF-TrFE) we examined 
the change in Tc using the first DSC runs (Figure 6a). The onset of Tc (as defined by the 
intersection of the baseline and a tangent from the maximum slope on the low 
temperature side of Tc max) shifts from 137 ºC for untreated P(VDF-TrFE) to 
progressively lower temperatures for the 1, 2 and 3 year samples of 134, 130 and 125 ºC, 
respectively. The shift in Tc may be attributed to changes in the polar domains via some 
penetrating VUV radiation and chemical damage to the polymer. Similar lowering of Tc
has also been observed after electron beam irradiation of P(VDF-TrFE)22,23 due to 
formation of chemical defects in the polar crystallites. In the second DSC runs after 
melting (and hence complete depolarization) and controlled recrystallization of the 
samples (Figure 6b), the Tc transition of the pure polar crystals is observed, suggesting 
that any defects were rejected during the crystallization process and that the material can 
actually recover.
The crystalline melting transition, Tm, exhibits interesting behavior in the first run where 
it broadens and shifts to higher temperature and in the second runs where it shifts to 
lower temperature. The change in the first run Tms may be due to shifts in the distribution 
of the crystalline lamellae thicknesses towards larger crystals leading to higher 
temperature melting (a process known as chemi-crystallization and is possible further 
evidence of radiation chemistry). While the origin of this change is unclear, it is apparent 
from the second run that it is reversible with melting and recrystallization and in fact the 
crystallites become less perfect, as indicated by the lower melting point compared with 
the unexposed.
The DSC traces for PVDF are also shown but do not exhibit a Tc (Figures 7a and b). 
Lovinger et al determined that the Tc for PVDF occurs above the crystalline melting 
point between 195 and 197 ºC.24 The first runs of the exposed samples contain a low 
melting peak shoulder not present in the untreated material indicative of imperfectly 
formed crystals. In the second runs, after melting and recrystallization, the traces of the 
treated samples are almost identical to the unexposed sample trace. This would suggest 
the absence of bulk chemical changes (radiation chemistry leading to chain scission or 
crosslinking) significant enough to disrupt the crystallites. This is also reflected in the d33
measurements which showed little change in the piezoelectric properties which are 
directly related to the crystalline structure.
Dynamic mechanical analysis (DMA) was used to measure the moduli over a wide 
temperature range (Figure 8). In semi-crystalline polymers such as these, the modulus is 
largely a function of the amorphous component. The glass transition temperature of the 
PVDF (-31 ºC) and the P(VDF-TrFE) (-22 ºC) and the moduli remain unchanged after 
exposure within experimental error. This suggests no major chemical changes to the 
polymer chains present in the amorphous regions. While no measurements were done 
testing the tensile strength, it was noted that the very thin 2 and 3 year samples appeared
fragile and tore easily.
The VUV radiation component from the deuterium lamps (Figure 1) of the AO/VUV
treatment covered the range 115 – 200 nm (1040 kJ/mol (10.8 eV) to 598 kJ/mol (6.2 
eV)) with an intense peak at 160 nm. Both PVDF and P(VDF-TrFE) absorb strongly 
below 200 nm, therefore there is a high probability of photo-chemistry during VUV 
exposure. Irradiation of PVDF under inert atmosphere is known to cause predominantly 
crosslinking and little chain scission due to hydrogen activity of the CH2 group.25 This is 
in contrast to fully fluorinated polymers such as PTFE, FEP and PFA, which undergo 
mainly chain scission due to the absence of abstractable protons.25-27 The VUV radiation
used here is more than sufficient to cleave C-F, C-C and C-H bonds present in PVDF and 
P(VDF-TrFE) (for example, the bond strengths of F-CH3, F-C2F5, F-CF2CH3 are 452
kJ/mol (265 nm), 530 kJ/mol (226 nm) and 522 kJ/mol (229 nm), respectively).6,8 It is 
therefore reasonable to assume that the VUV radiation, if significant in dose and 
sufficiently penetrating, will cause crosslinking of both polymers, although it is unclear 
what effect the simultaneous surface recession would have. None of the exposed samples 
exhibited the usual discoloration typically seen in polymers exposed to high energy 
radiation (such as gamma radiation) due to color centers28 suggesting the absence of 
complex excited species.
To test for crosslinking after exposure, sol-gel experiments were performed (Table 1). 
The percentage gel is a measure of the polymer network or crosslinked fraction. An 
infinite network with all polymer chains being connected will yield a gel content of 
100%. The solvent uptake factor is an indication of the strength of the network in the gel 
component.29 Interestingly, the copolymer had gel present after all exposures, whereas 
the homopolymer contained only very small gel content after 3 years of simulated 
exposure. Undoubtedly the mechanism is complex due to the simultaneous erosion and 
crosslinking, although the minimum in the gel content and a maximum in the solvent 
uptake factor after 2 years simulated exposure suggests that the VUV penetration into the 
sample is not complete. If it were, a simple increase in crosslinking with increasing 
exposure would be expected. The f-factors in Table 1 are high in comparison with other 
polymer networks29 meaning the polymers are extremely weakly crosslinked. The finer 
details of VUV radiation effects on these polymers is the subject of current research.
Already, it can be concluded that the results from the DSC and sol-gel measurements 
point to the P(VDF-TrFE) copolymer being more susceptible to radiation-induced 
crosslinking than the PVDF homopolymer, perhaps an indication of the increased activity 
of the CHF hydrogen in the copolymer. Initial gamma-irradiation experiments suggest
that the gel-dose is very high for oriented PVDF similar to the one used here due to the 
highly ordered amorphous structure and a large cage effect.30 Another possibility is that 
the PVDF absorbs less VUV radiation than the P(VDF-TrFE) material. PVDF, with its 
highly alternating backbone which minimizes electronic delocalization,31 is commonly 
used in terrestrial applications due to its high transparency to UV-vis radiaton.32 P(VDF-
TrFE), conversely, has shorter run lengths of alternating CH2-CF2 due to the randomly 
distributed CHF groups which may lower the transparency. French et al have documented 
the importance of alternation on transparency of fluoropolymers to VUV radiaton.31 The 
assumption that P(VDF-TrFE) absorbs more strongly in the VUV range than PVDF has 
yet to be validated experimentally due to the difficulties in measuring the VUV spectra in 
the range 115 – 200 nm of semi-crystalline materials.
Conclusions
The effects of AO/VUV exposure of two vinylidene fluoride based polymers have been 
examined. In both cases significant weight loss and surface erosion resulted from AO 
attack. Erosion yields were 2.8x10-24 cm3/atom for PVDF and 2.5x10-24 cm3/atom for 
P(VDF-TrFE), consistent with previous literature data for similar materials. The film 
orientation of PVDF samples was reflected in the surface topology features after 
exposure, while the less orientated P(VDF-TrFE) samples had less regular surface 
patterning after exposure. The copolymer P(VDF-TrFE) showed a greater affinity for 
crosslinking due to the VUV radiation when compared with the PVDF homopolymer. 
Most importantly, the mechanical (tensile modulus) and piezoelectric properties in the 
remaining bulk material of both polymers were not significantly altered, while a decrease 
in the Curie transition of the copolymer resulted in poorer high temperature orientation of 
polar domains after exposure to AO/VUV.
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Tables and Figures
Table 1. Percent gel and solvent uptake factors (f) of PVDF and P(VDF-TrFE) after 
AO/VUV exposure (average of two measurements ± s.d.)
Years simulated 
exposure % gel f
PVDF 1 0 -
PVDF 2 0 -
PVDF 3 < 5 > 100
P(VDF-TrFE) 1 64 ± 1 23 ± 3
P(VDF-TrFE) 2 47 ± 5 49 ± 8
P(VDF-TrFE) 3 72 ± 6 26 ± 1
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Figure 1. a) Irradiance and b) total irradiance of a deuterium lamp compared with the 
solar irradiance in LEO from data collected by the SUSIM satellite.
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Figure 2. Change in weight of PVDF and P(VDF-TrFE) films after exposure to 
AO/VUV.
Figure 3. SEM micrographs of PVDF. From top to bottom: unexposed, 1, 2 and 3 years 
simulated exposure.
Figure 4. SEM micrographs of P(VDF-TrFE). From top to bottom: unexposed, 1, 2 and 3 
years simulated exposure.
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Figure 5. Change in the piezoelectric strain coefficient d33 with annealing before and after 
AO/VUV exposure. a) PVDF, b) P(VDF-TrFE).
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Figure 6. DSC Traces of exposed and unexposed P(VDF-TrFE). a) first run; b) second 
run after melting.
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Figure 7. DSC traces of exposed and unexposed PVDF. a) first run; b) second run after 
melting.
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Figure 8. DMA of a) PVDF and b) P(VDF-TrFE) before and after AO/VUV exposure.
